Medical instruments are generally sterilized using high-pressure steam, ethylene oxide gas, gamma radiation, or electron beams. However, such conventional methods entail many shortcomings such as limitations of applicable materials, high temperature, long time, and high operating costs. Therefore, development of a safe, low-temperature, rapid, and inexpensive sterilization method has been anticipated. This study developed and assessed a plasma sterilization device that can generate effective chemical species necessary for sterilization. Its sterilization effectiveness was verified using biological indicators of Geobacillus stearothermophilus and Bacillus atrophaeus spores. The G. stearothermophilus and B. atrophaeus were sterilized, respectively, in 25 and 35 min with 5,400 ppm and in 35 min with 7,600 ppm of plasma-generated NO x , respectively, at around 25 °C. The main factor in sterilization of spores using the plasma was also assessed. In the conditions of atmospheric pressure air plasma, nitrogen oxide such as NO and NO 2 were mainly generated. Morphological observations of spores exposed to the plasma and NO 2 using scanning electron microscopy confirmed that nitrogen oxide perforated the spore coats. That spore coat perforation caused by nitrogen oxide is expected to be a main factor in sterilization. To remove the toxic gases used for sterilization, two types of methods were introduced into the developed devices. Bubbling in water could be reduced the concentration of residual NO x in the reaction chamber after sterilization to less than 50 ppm, but it remained higher than the limitation of environmental regulations. On the other hand, using the surface discharge system, we were able to reduce the residual NO x to less than 0.04 ppm, which is the limit of environmental regulations. This study presents the important techniques to improve infection prevention and public health.
Introduction
Medical instruments are generally sterilized using high-pressure steam, ethylene oxide gas (EOG), gamma radiation, or electron beams. However, high-pressure steam requires conditions more extreme than 121 °C at 2 atm. Moreover, the EOG has toxic consequences and requires a long time for operation. Methods using gamma radiation and electron beams entail high costs (Nagatsu, 2007) . They cause material degradation. A commercial low-temperature sterilization device (STERRAD®; ASP, Johnson & Johnson) uses H 2 O 2 gas plasma to sterilize contaminated objects, requiring 24-105 min at temperatures of 47-55 °C (Advanced Sterilization Products, Johnson & Johnson Co., 2014) . No residual toxicity persists in the sterilized objects using the device. Moreover, this device has wide application. However, the device is unsuitable for sterilizing liquids, powders, or objects that are made of cellulose because they have high absorptivity for H 2 O 2 . In addition, hermetically sealed instruments might be damaged because the device Daisuke YOSHINO*, Kazuhiro NAKAMURAYA**, Tomoki NAKAJIMA* and Takehiko SATO* *Institute of Fluid Science, Tohoku University 2-1-1 Katahira, Aoba, Sendai 980-8577, Japan E-mail: yoshino@plasma.ifs.tohoku.ac.jp **Graduate School of Engineering, Tohoku University 6-6-01 Aramaki-Aoba, Aoba, Sendai 980-8579, Japan necessitates a vacuum process. Another device (RTS360; Noxilizer) uses NO 2 gas as a source for sterilization. It can sterilize contaminated objects for 80 min at from 10-65 °C (Noxilizer, Inc., 2015) . However, RTS360 requires NO 2 of more than 10,000 ppm for sterilization. Therefore, development of a low-temperature, rapid, safe and inexpensive sterilization method has been anticipated.
Recently, plasma sterilization method has been regarded as one means to satisfy these requirements. Reportedly, atmospheric air is a good operating gas for plasma sterilization (Sato, et al., 2008) . Plasma sterilization methods use discharges of various types to generate plasma: corona discharge (Kuwahara, et al., 2012) , DBD (Miao and Yun, 2011, Fridman, et al., 2007) , DC discharge (Liu, et al., 2010) , and microwave discharge , Moisan, et al., 2001 , Feichtinger, et al., 2003 , Chau, et al., 1996 have come into common use by many research teams, which have reported that the plasma sterilized bacteria within several minutes. However, the bacteria cultured on the dish were exposed directly to the plasma in most other studies. Moisan and co-workers reported the efficacy and microwave plasma sterilization mechanisms, and included findings indicating that the bacterial sterilization results from etching of the bacterial coat by oxygen radicals and inactivation of bacteria by ultraviolet radiation , Moisan, et al., 2001 . Hong et al. reported that bacteria were sterilized by chlorine-containing species, in particular hypochlorous acid, generated by the underwater plasma discharge (Hong, et al., 2010) . Moreover, reactive chemical species reportedly play important roles in the inactivation of microorganisms by atmospheric pressure plasma (Sato, et al., 2008 , Laroussi and Leipold, 2004 , Graves, 2014 . However, the sterilization mechanisms remain unclear. Many studies have identified the mechanisms of bacteria inactivation deriving from direct exposure to the plasma. Nevertheless, few studies have developed a workable sterilization device using air plasma at atmospheric pressure.
This study was conducted to develop a high-performance sterilization device that uses atmospheric pressure air plasma with circulating flow. After investigating the sterilization efficacy and plasma characteristics, we examined the main sterilization factor among chemical species generated by the plasma discharge.
Materials and Methods

Developed sterilization device and experimental condition
Figure 1 portrays a schematic showing the developed plasma sterilization devices, with toxic gas removal systems of two types: a gas bubbling method and a discharge reaction method. The device using gas bubbling consists of a power supply part, a discharge chamber of 600 mL volume, a reaction chamber of 1.8 L volume, a circulating pump (13H162E030; Nidec), a bubbling chamber of 1 L volume, and two three-way valves for changing to the bubbling chamber, as illustrated in Fig. 1(a) . The device using discharge reactions is assembled from a power supply part, a discharge chamber, a reaction chamber, a circulating pump, a mass flow controller (FCST1005MZFC; Fujikin) for supplying nitrogen gas, a trap, a high voltage power supply for generation of surface discharge in the trap, oxygen absorbents (ISO, A-500HS; AS ONE), silica gels (Wako Pure Chemical Industries) for absorbing humidity, and the three valves as presented in Fig. 1(b) . An amplifier (HVA4321; NF Corp.), a function generator (WF1943B; NF Corp.), a current probe (FCT-028-5.0-WB; bergoz), and an oscilloscope (WaveSurfer 434; LeCroy) were built into the power supply part. Plasma was generated between the stainless steel rod-shaped electrodes with gap distance of 2 mm in the discharge chamber ( Fig. 1(c) ). The signal to the amplifier from the function generator for the voltage applied to the rod-shaped electrode was 16 kV pp with a frequency of 3 kHz and a duty ratio of 50%. Chemical species generated by the plasma were transported into the reaction chamber. The biological indicators (BI) to be sterilized were exposed to these species via the circulating flow.
After the discharge, we removed the generated toxic gases using removal systems of two types. When the bubbling chamber was introduced into the sterilization device as presented in Fig. 1(a) , the generated toxic gases were dissolved directly in water. Using the discharge reaction method shown in Fig. 1(b) , we decomposed nitrogen oxide (NO x ) to oxygen and nitrogen gases using surface discharge. To generate the surface discharge in the trap, rectangular-wave voltage of 8 kV pp with a frequency of 2.5 kHz and a duty ratio of 50% was applied to the electrode adhered to the inner surface of the trap ( Fig. 1(d) ) using the high voltage power supply for generation of surface discharge consisting of an amplifier (PD05034; Trek) and the function generator. The supply of nitrogen gas, which is required for the decomposition of the toxic gases such as NO x , was regulated at flow rates of 0.1, 0.2, 0.3, and 0.6 L/min. In addition, oxygen and humidity, which are unnecessary for the decomposition of NO x , were eliminated respectively using the oxygen absorbents and silica gel. With mixing with the nitrogen gas, the toxic gases in the reaction chamber were evacuated to the trap by the supply pressure of nitrogen gas. In the trap, the mixed gases were exposed to surface
Verification of sterilization
To verify the completion of sterilization, BIs of two kinds were used. One is the BI (Attest 1291; 3M Healthcare) using Geobacillus stearothermophilus spores (ATCC 7953) for the high-pressure steam sterilization. It guarantees 5-log reduction of the spores. The other is the BI (Attest 1294; 3M Healthcare) using Bacillus atrophaeus spores (ATCC 9372) for EOG sterilization. It guarantees 6-log reduction of the spores. As those bacteria spores are generally used in hospital to verify sterilization completion, those BIs were used in this study. The numbers of BIs were three for a trial; three trials were conducted under the same conditions. After the end of the plasma discharge, an auto reader (Attest 290 or 290G; 3M Healthcare) was used to confirm sterilization of the spores. When all the BIs used for three trials were sterilized, we defined the sterilization as completed. As comparative verification, we evaluated the sterilization results of the BIs after exposure to NO 2 gas.
Measurement of chemical species concentrations and gas temperature in the reaction chamber
Concentrations of chemical species in the reaction chamber, i.e. NO x and O 3 , generated by plasma discharge were measured using gas detector tubes (10, 11L, 11HA, or 18M; GASTEC) before and after the bubbling or treatment using surface discharge. Changes in gas temperature in the reaction chamber with discharge time were measured using a thermocouple. The toxic gases in the device are mixed with nitrogen gas, evacuated to the trap, and exposed to surface discharge by the supply pressure of nitrogen gas. 
Observation of spore morphologies
To observe the sterilized spores, the spores were scratched from the filter paper where the spores were present in the vessel of the BI. Then they were concentrated using a centrifuge. After drying the centrifuged spores on the plate, the spore morphologies were observed using a scanning electron microscope (SEM; VE-9800; Keyence). Figure 2 portrays waveforms of an applied voltage and a discharge current. At rising and falling edges of the applied voltage, current pulses occurred. Although the applied voltage was 16 kV pp to the electrode, insulation breakdown occurred at voltage of +1.5 kV or -1.2 kV, and the applied voltage became constant, which was +0.5 kV or -0.6 kV during applying positive or negative voltage, respectively. The direct-current component of 10 mA was observed during the voltage was applied after the appearance of the current pulses of 0.7 A, i.e., the type of the plasma was an arc-like discharge. The plasma discharge power consumption was about 5 W. Table 1 presents results of sterilization for G. stearothermophilus and B. atrophaeus. The G. stearothermophilus and B. atrophaeus spores were sterilized, respectively, within 25 min and 35 min. The concentrations of the chemical species generated by the plasma discharge are depicted in Fig. 3 . Regarding the air plasma, reactive oxygen species (ROS) and reactive nitrogen species (RNS) were generated (Laroussi and Leipold, 2004) . In this study, NO x and O 3 were measured because they are stable among ROS and RNS generated by the arc-like discharge in atmospheric air. In the discharge chamber, NO x including NO and NO 2 were generated through production of oxygen radicals as follows (Namihira, et al., 2002) . e + N 2 → e + 2N
Results and Discussion
Plasma discharge characteristics
Performance of the developed device
(1) e + O 2 → e + 2O
These radicals induced production of NO as follows.
Additionally, NO 2 was generated by the following reactions. Fig. 2 Waveforms of voltage applied to the rod-shaped electrode in the reaction chamber and discharge current.
Here, M is the third body such as N 2 or O 2 . On the other hand, O 3 was generated by the following reaction (Eliasson, et al., 1991) .
The spores were sterilized with NO and NO 2 concentrations of 5,400 ± 940 ppm in 25 min for G. stearothermophilus and 7,600 ± 960 ppm in 35 min for the B. atrophaeus. Also, O 3 concentrations of 40 and 45 ppm were generated, respectively, during 25 min and 35 min discharge. These results were not caused by heat: the reaction chamber temperature was kept constant at around 25 °C, as portrayed in Fig. 4. 
Main factor in sterilization of spores
To identify a main chemical species among plasma-generated chemical species, we specifically examined the effect of NO 2 because the plasma-generated NO x composed of NO and NO 2 showed a good sterilization effect. As presented in Table 2 , when the G. stearothermophilus spores were exposed to NO 2 -mixed argon gas of 8,000 ppm for 25 min and spores of B. atrophaeus were exposed to NO 2 -mixed argon gas of 7,000 ppm for 35 min, they were sterilized. The NO 2 concentration required for sterilization was similar to that of plasma-generated NO x . Regarding the point of an ozone effect, because sterilization of G. stearothermophilus requires the exposure to O 3 of greater than 250 ppm for longer than 100 min (Sato, et al., 2006) , the effect of plasma-generated O 3 of 40-45 ppm and its sterilization time of 25 or 35 min in this experiment on sterilization of the bacterial spores was small. These results imply that the NO 2 gas is a main contributor to the bacterial spore sterilization. Nitric oxide concentration higher than 600 ppm was also generated by more than 25-min plasma discharge, as presented in Fig. 5 . Since NO gas is known to be a more reactive chemical species than NO 2 , the NO gas might have a bactericidal effect. Figure 6 presents SEM images of the spore morphologies before treatment (a, d) and after exposure to the plasma-generated gas (b, e) and the NO 2 gas (c, f). In both conditions presented in (b, e) and (c, f), it was confirmed that a pit existed on the spore coat surface. These pits are regarded as having a fatal effect on the bacterial spores because they can damage the spore core, which has important facilities for germination (Leggett, et al., 2012) . The pits might be formed by chemical reactions with NO x gases at first; then the pit expands and finally covers the spore Table 2 Sterilization results of spores exposed to NO 2 -mixed argon gas for 25 min or 35 min. Leggett, et al., 2012 , Tarasenko, et al., 2006 , Kong, et al., 2009 ). The bactericidal effect of NO x on spores is expected to be important in case that the pit penetrates to inner membrane or core of the bacteria. NO x stimulation is known to induce damages of the inner membrane with a receptor for germination (Stelow, 2006 , Zhao, et al., 2011 , Cortezzo, et al., 2004 or DNA (Clemons, et al., 2007 , Nguyen, et al., 1992 , Snyder, et al., 2009 , Blanco, et al., 1995 . Not only almost all perforations were caused by exposure to both plasma and the NO 2 gas, but also the spore coat erosion was observed in other parts of the spores. The diffusion of chemical species into bacterial spores is known to have a bactericidal effect with the spore coat erosion. In this case, morphological changes such as pits are not observed on the spores (Sato, et al., 2006 , Shen, et al., 2012 . These results imply a chain reaction mechanism resembling that for protein or lipid peroxidation for spores against NO x gases (Deng, et al., 2010) . Consequently, NO x consisting of NO and NO 2 might play a major role in the spore sterilization.
Removal of NO x gases after sterilization
Plasma-generated NO x gases such as NO and NO 2 should be reduced below the limits of environmental regulations because they have high toxicity. In the study described herein, the generated gases were let in the bubbling chamber to dissolve in the water after the sterilization. The NO x concentration was reduced from 5,400 ± 940 ppm to 41 ± 13 ppm in 40 min, as portrayed in Fig. 7 because NO x dissolves in water and changes to HNO 2 and HNO 3 according to the following chemical reactions (Burlica, et al., 2006) .
The generated HNO 2 is unstable; it induces the following reaction if the temperature or HNO 2 concentration in the water becomes sufficiently high (Burlica, et al., 2006) . 
The NO x concentration increase during 50 min might be caused by the reaction with oxygen gas with the regenerated NO gas from dissolved HNO 2 . Although the NO x concentration in the reaction chamber was reduced to less than 50 ppm, the Japan Poison Information Center reported that structural and functional changes in the trachea or bronchus result from exposure of 2 ppm NO 2 for 4 hr (Japan Poison Information Center, 2014) . Furthermore, the pH value of water after bubbling changed to 2.6-3.3. Since the emission standards in Japan of pH value are 5.8-8.6 (Ministry of the Environment, Japan, 2014), it is necessary to treat the water after bubbling. Using surface discharge, we attempted to decompose NO x gas used for sterilization to oxygen and nitrogen gases. Figure 8 shows the NO x concentration in 2 L of gases in the device, which were evacuated from the reaction chamber, mixed with nitrogen, let through surface discharge in the trap, and collected into the sampling bag. For cases in which the nitrogen gas flow rate was 0.2 or 0.3 L/min, the NO x gas generated by plasma discharge was decreased. Its concentration in the device changed from 6,700 ± 350 ppm to less than 0.04 ppm. NO x was decomposed with the oxygen-lean surface plasma according to the following chemical reaction (Kuwahara, et al., 2014) .
For cases in which the O 2 concentration is sufficiently high, NO x such as NO or NO 2 is oxidized by ozone created by the surface discharge as follows .
For decomposing NO x gas to N 2 and O 2 efficiently, the oxygen concentration in the target gas for decomposition should be less than 2% (Kuwahara, et al., 2014) , although the oxygen concentration was reduced only to about 10% in this study using the oxygen absorbents. Therefore, the possibility exists that some NO x was oxidized to N 2 O 5 , which is a strong oxidizing agent, and it was decomposed to NO 2 and O 2 (Ebbing, 1990) . Additionally, the formation of N 2 O might occur as (Atkinson, et al., 1989 2NO 2 + O 2 → N 2 O + 5O (16) Fig. 8 Concentration of NO x in 2 L of gases in the device, which were evacuated from the reaction chamber, mixed with nitrogen, and let through surface discharge. Here, N 2 (A) represents a metastable nitrogen molecule. N 2 O is a greenhouse gas that strongly harms the ozone layer (Ravishankara, et al., 2009 ). Some treatment of N 2 O 5 and N 2 O is necessary for environmental disposition. Therefore, toxic gases removal systems must be improved in future work.
Conclusion
A sterilization device using low-temperature atmospheric pressure plasma with circulating airflow was developed. Using the developed device, we could sterilize G. stearothermophilus and B. atrophaeus spores completely in 25 min with 5,400 ppm and in 35 min with 7,600 ppm of plasma-generated NO x , respectively, at around 25 °C. The developed device has the operating rapidity of sterilization equivalent to an autoclave, and it can operate sterilization process at much lower temperature than the commercial devices. Observations of the spore coat structure reveal pits in the spore coats formed by exposure to the generated NO x gas, which might be a main factor contributing to sterilization. The NO 2 concentration required for sterilization was lower than the concentration that the commercial device requires. The concentration of residual NO x in the reaction chamber after sterilization could be reduced to less than 50 ppm by bubbling in water, but the concentration remained higher than the limitation of environmental regulations. Using the surface discharge system, we were able to reduce the residual NO x to less than 0.04 ppm, which is the limit of environmental regulations. However, several limitations were noted in relation to the decomposition reduction of NO x . Therefore, the toxic gas removal system must be improved in future work.
